The morbidity and mortality associated with systemic fungal infections in humans cannot be underestimated. The nematode Caenorhabditis elegans has become popular for the in vivo study of the pathogenesis of human fungal pathogens and as an antifungal drug-screening tool. C. elegans offers many advantages as a model organism for the study of human fungal diseases, including lack of ethics requirements, easy maintenance in the laboratory, fully sequenced genome, availability of genetic mutants, and the possibility of liquid assays for high-throughput antifungal screening. Its major drawbacks include the inability to grow at 37 °C and absence of an adaptive immune response. However, several virulence factors involved in the pathogenesis of medically important fungal pathogens have been identified using the C. elegans model, consequently providing new leads for drug discovery and potential drug targets. We review the use of C. elegans as a model animal to understand the pathogenesis of medically important human fungal pathogens and the discovery of novel antifungal compounds. The review makes a case for C. elegans as a suitable invertebrate model for a plethora of practical applications in the investigation of fungal pathogenesis as well as its amenability for liquid-based high-throughput screening of potential antifungal compounds.
Introduction
Understanding the complex interaction (symbiotic or parasitic) between a microbe and its host can aid in the effective treatment of diseases caused by pathogenic microorganisms [1] . Over the past 3 decades, fungi have been broadly associated with an increase in the incidences of infections amongst immunocompromised patients. Fungal infections in humans are caused by a variety of pathogens, especially in the genera, Aspergillus, Blastomyces, Candida, Coccidioides, Cryptococcus, Histoplasma, Pneumocystis, Sporothrix, and Talaromyces [2] [3] [4] . Invertebrate model hosts, such as amoeba (Acanthamoeba castellanii and Dictyostellium discoideum), insects (Drosophila melanogaster, Galleria mellonella, and Bombyx mori), and the nematode C. elegans, have gained popularity as means to study fungal pathogenesis [5] . Experiments with these invertebrate models are much faster and easier, and are not hindered by ethical constraints. Moreover, many aspects of their innate immunity are conserved in comparison to those in mammals [6] .
It is important to note, however, that even within the invertebrate model category, not all hosts are amenable to infection by every fungal pathogen, and in some cases, the host is not favorable for the study of a particular pathogenesis trait. These model hosts offer a variety of advantages and disadvantages in comparison to each other and to the traditional mammalian model (murine model) as summarized in Table 1 [7] .
Caenorhabditis elegans has emerged as a powerful invertebrate model to study host-pathogen interactions since its first documentation by Sydney Brenner [14] . The unique and advantageous attributes of this host have facilitated the use of this model organism in research domains including RNA interference, apoptosis, DNA damage responses, genotoxic Edited by Christian Bogdan. stress, aging mechanisms, exploration of useful food constituents and drug candidates, identification of new antioxidant probiotic strains for use in humans, and also host-pathogen interactions [15, 16] .
Here, we review the advances in understanding the pathogenesis of medically important fungal pathogens using the C. elegans model. With the emergence of multidrug-resistant fungal pathogens, there is an urgent need develop novel antifungals to treat fungal infections [17] . As such, this review makes a case for the utilization of the nematode in pathogenesis studies involving pathogenic fungi, the discovery of novel antifungal drug targets, and liquid-based highthroughput screening of potential antifungal compounds. The above is important, because effective use of the nematode model could potentially facilitate and fast-track the process of novel antifungal discovery and potentially ease the global burden of fungal infections.
C. elegans: life cycle and features
The nematode C. elegans is a multicellular, free-living invertebrate that is normally isolated from soil or rotting vegetable matter [18] . Adults contain up to 1000 somatic cells, and are composed of a variety of tissue types such as skin, nerve, muscle, and intestine [19] . C. elegans utilizes a variety of bacterial food sources and is typically propagated in the laboratory by feeding with E. coli OP50. In the laboratory, these invertebrates have a very short life cycle, composed of six distinct stages (embryo, L1-L4 larval stages, and adult) [20] . It takes 3 days at 25 °C for the development from eggs to fertile adults to take place, thus enabling rapid experimentation [3] . C. elegans naturally occurs in two sexes, the XX hermaphrodite and the XO male, which differ extensively in anatomy, physiology, and behavior [21] . Under laboratory conditions, only 0.1-0.2% of the progeny from self-fertilizing strain hermaphrodites are males, and this is a result of a rare meiotic non-disjunction of the X chromosome [20] .
The nematodes are transparent when viewed under the microscope, allowing the observation of cellular events, such as mitosis, in real time. It also enables the visual tracing of fluorescent protein reporter-marked cells in live animals [22] . In addition, C. elegans can be frozen and revived, thus allowing long-term storage. C. elegans shares many similarities in molecular and cellular processes with other animals. For example, among the available non-redundant human protein-coding genes, ~ 53% were found to have recognizable C. elegans orthologs [23] . This observation indicates that many discoveries in C. elegans have potential application in the study of human health and diseases.
Immune responses
Caenorhabditis elegans activates several protective mechanisms when confronted with a pathogen. These include avoidance strategies, presence of an exoskeleton barrier that consists of a cuticle composed of collagen and chitin, -Genome is not fully sequenced -Cannot be used for drug discovery studies [13] as well as mounting of an innate immune response [24, 25] . Avoidance of pathogens can be triggered by the detection of specific molecules produced by pathogens. The presence of a strong cuticle acts as a physical barrier to pathogens. In addition, the pharyngeal grinder also protects C. elegans from pathogens that are taken up during feeding, by destroying them before they reach the intestines where they can cause infection. Although the nematode is devoid of an adaptive immune response, C. elegans has an inducible antimicrobial and antiviral innate immune system on which it relies to cope with infection [26, 27] . This immune response involves the activation of specific signalling pathways that produce a host of defence molecules and contains some of the known ancestral signal networks that are absent in the immunity of highly complex vertebrates such as the Toll/IL-1 receptor (TIL-1) pathways [26, 28] .
The initial step of an inducible immune defence normally involves pathogen recognition via microbe-associated molecular patterns (MAMPs), which bind to pattern recognition receptors (PPRs) such as Toll-like receptors (TLRs). However, in C. elegans, the only TLR present does not seem to be involved in inducing an immune response [29] . Pukkila-Worley et al. (2011) observed a specific form of pathogen recognition by C. elegans when infected with C. albicans, Staphylococcus aureus or P. aeruginosa [30, 31] . Several specific signalling cascades have been described in C. elegans that lead to the production of pathogen destroying effector molecules. These cascades include mitogenactivated protein kinase (MAPK) pathways, AMP-activated protein kinases (AMPKs), DAF-2/insulin-like receptor (ILR) pathway, the unfolded protein response (UPR), transforming growth factor β (TGF-β) pathway as well as necrotic cell death [32] . More recently, Osman and co-workers showed that infection of C. elegans with Myzocytiopsis humicola (a natural oomycete pathogen of C. elegans) triggers a specific immune response that involves the induction of chitinaselike genes which hinder pathogen attachment to the C. elegans cuticle [33] .
In addition to signalling pathways that are involved in the innate immune response, C. elegans also produces several transcription factors, including ELT-2, which increases C. elegans resistance to intestinal infection by bacteria and fungi [34] . Many effector molecules are released by C. elegans and play a crucial part in the immune response. These effector molecules include antimicrobial peptides, caenophores, lysozyme, lectins, and reactive oxygen species (ROS) [35] . However, although unspecific ROS production in C. elegans affects pathogen activity, it can also cause host tissue damage. The later effect is prevented by the induction of enzymes such as superoxide dismutase and catalase that mitigate ROS activity [36] . Some mycitin-like peptides (ABF1-6) in C. elegans have been shown to possess antimicrobial activity. In addition, C. elegans also secretes neuropeptide-like proteins and caenacins for protection [37] and up-regulates genes encoding antifungal peptides (cnc-4, cnc-7, and fipr-22/23) during fungal infection [38] . Caenopores such as SPP-1 and SPP-5 in C. elegans have been implicated in nutrition and immunity, specifically in their bactericidal function [39] . In addition, C. elegans possesses several genes that code for lysozyme [16] .
As mentioned lectins, including C-type lectins, have been identified in C. elegans and expression of lectins has been linked to the specificity of C. elegans immune response towards pathogen infection [40, 41] . C-type lectins are involved in Ca 2+ -dependent binding of proteins, and have functions in cell adhesion, glycoprotein clearance, and specific binding of pathogens [42] . In addition, specificity could also be enhanced by the differential activation of immune regulators such as antimicrobial genes, distinct functions of the immunity signalling cascades, as well as signal integration across pathways [39] . Miltsch and co-workers (2014) demonstrated the importance of the C-type lectin-like domain (CTLD) genes, clec-39, and clec-49 in the survival and egg-laying in C. elegans [43] . Moreover, Pees et al.
(2017) showed experimentally that other CTLD genes (clec-29, clec-34, and clec-151) might act both as positive and negative regulators of physiological and behavioral immune defence responses in C. elegans [44] .
Caenorhabditis elegans also induces immune responses that target pore-forming toxins produced by pathogens as well as pathogens that specifically infect C. elegans via the cuticle. Pore-forming toxins bind to glycolipids on the surface of the cuticle of C. elegans, forming holes and killing the nematode. In response to this attack, C. elegans loses the glycolipids, a response that involves the PMK-1 pathway [45] . Similarly, pathogens such as the fungus Drechmeria coniospora can pierce the cuticle of C. elegans during infection. This type of infection has been shown to trigger complex transcriptional responses involving up-regulation of AMP genes such as NLP and CNC, which increase survival [46] .
Advances in the use of C. elegans as host for the study of fungal pathogenesis
Recently, C. elegans has been used as a simple and cheap host to study the virulence and host-pathogen interactions of fungal pathogens. The killing assays usually involve infecting C. elegans by transferring nematodes at their L4 stage of development, from a lawn of E. coli to a lawn of the pathogen on solid or liquid Brain-Heart-Infusion (BHI) media [47] . The exact number of pathogen cells that are ingested by the nematode is impossible to control, and hence, the inoculum size is difficult to determine. Following infection, between 60 and 100 nematodes are normally transferred to 6-well microtitre plates containing liquid medium containing 79% M9 buffer, 20% BHI, and 10 μg/ml cholesterol in ethanol and antibiotics, such as kanamycin and ampicillin. Incubation and monitoring of infection are ideally performed at 25 °C over several days until the majority of the nematodes are dead. Dead nematodes are examined microscopically to determine the different manifestations of the infection. Infection at higher temperatures such as the normal human body temperature of 37 °C is not possible as this temperature is deadly to the nematodes [47] . A variation of this method is described where the nematodes are not transferred to liquid media, but placed on assay plates containing solid BHI media with kanamycin at 25 °C [30] . Both these assays are typically performed on immunocompromised nematodes in which sek-1 (a MAP kinase kinase which activates the C. elegans p38 MAP kinase) has been deleted. In addition to measuring survival, pathogenesis can be defined in terms of reduced fecundity [48] . Here, the number of off-spring produced by a single infected hermaphroditic nematode per day is scored and compared to control nematodes.
Interestingly, many of the virulence factors observed in mouse and human fungal infections have also been confirmed in C. elegans, making it an important infection model [49] [50] [51] . A detailed account of host-pathogen interactions involving pathogenic fungi and C. elegans as well as antifungal screening studies is given below. The varying manifestations and characteristics of different fungal infections in the nematode are summarized in Fig. 1 .
Candida spp. infections
Candida spp. infections are common in hospitals where it may cause invasive candidiasis [52] . Epidemiological studies have indicated that C. albicans is the most common cause of candidiasis in the USA, Europe, and the Middle East [53] . C. albicans often form biofilms on medical implants such as catheters, heart valves, and artificial joints, and, thus, is introduced into the bloodstream, causing invasive infection. However, Candida spp. other than C. albicans are responsible for up to 50% of cases of invasive candidiasis [54] . C. parapsilosis, C. glabrata, C. krusei, and C. tropicalis are among some of the non-albicans opportunistic pathogens that are increasingly causing both debilitating superficial and invasive infections in humans. Like C. albicans, C. parapsilosis can also form biofilms on medical implants. However, it is more common in the paediatrics population, whereas C. glabrata is the most common cause of vulvovaginal candidiasis [55, 56] . C. tropicalis infections are commonly associated with cancer patients. Mortality rates associated with C. tropicalis in this population can be as high as 70% [57] .
The life-style, virulence factors, and resistance strategies of C. albicans have been the subject of intense research [5] . C. albicans proliferates in three morphological forms: the yeast, hyphae, and pseudohyphae [58] . The yeast form of C. albicans is presumed to be responsible for the colonization of mucosal surfaces and promotes proliferation through the bloodstream [59] . The hyphal form, on the other hand, is presumed to be responsible for host invasion and tissue destruction. Candida spp. may have intrinsic resistance to antifungals or can acquire resistance in a strain-dependent manner [60] . As a direct consequence of this increased antifungal resistance, there is a need for understanding the pathogenesis of Candida spp., their resistance mechanisms, and the development of alternative antifungals.
Caenorhabditis albicans has been shown to infect C. elegans gastrointestinal tract via ingestion, causing tissue destruction and death. Several disease markers such as swelling in the vulvar region, intestinal distention, and deformity in the post anal region have been identified as relatively easy ways to monitor an infection. In addition, reduced fecundity observed in C. elegans upon Candida infection is a quantitative measure of virulence that makes it possible to screen a variety of host and pathogen genetic backgrounds that has been challenging in mammalian and insect models [49] . Although the yeast form of C. albicans can cause an infection and kill C. elegans [30] , the importance of hyphal formation in C. albicans pathogenesis was evaluated by Breger et al. (2007) , who showed that mutants defective in hyphal formation are significantly attenuated in killing C. elegans [61] . Furthermore, Pukkila-Worley and co-workers (2009) demonstrated that genes such as RIM101 (required for alkaline-induced hyphal growth), NRG1 (a transcriptional repressor of hyphal genes that act with TUP1 gene), CAS5 (a transcription factor that regulates cell adhesion, and stress response which acts with Ada2p to promote cell wall integrity), and ADA2/CAS3 (transcriptional co-activator involved in cell wall integrity, stress responses, and some metabolic processes), are important for both hyphal formation in vivo and the killing of C. elegans [62] . The importance of these genes for C. albicans virulence in C. elegans was also seen in a study on the effect of C. albicans infection on reproductive ability of C. elegans [49] , where infection with deletion mutants of CAS5, RIM101, and CEK1 (a kinase required for the yeast-hypha transition) resulted in significantly more off-spring than infection with the wild type, with the biggest effect seen for infections with cas5ΔΔ and cek1ΔΔ, indicating that these two mutants are avirulent in C. elegans.
Recent studies by Alves and Mylonakis (2018) on the relationship between C. albicans morphogenesis and its pathogenesis using the C. elegans model revealed that C. elegans was less susceptible to C. albicans GCN2 deletion mutants which exhibited decreased filamentation in amino acid-rich media. They concluded that Gcn2 kinase, a regulator of the general amino acid control pathway, and its target Gcn4 contribute to the virulence of C. albicans in C. elegans infection model [63] . In another study using C. elegans as a model animal as well as mouse macrophage cells, DOT4 (involved in sub-telomeric gene silencing and chromatin modification as an ubiquitin protease), orf19.1219 (function unknown), orf19.6713 (involved in telomere maintenance), ZCF15, and ZCF29 (zinc cluster transcriptional repressor involved in carbon metabolism and cellular energy production) were also identified as potential virulence-associated genes of C. albicans [64, 65] .
Ortega-Riveros and co-workers (2017) evaluated the pathogenesis and virulence of seven different Candida spp. (C. albicans, C. dubliniensis, C. glabrata, C. krusei, C. metapsilosis, C. orthopsilosis, and C. parapsilosis) in vivo using the C. elegans model. C. albicans and C. krusei caused the highest mortality compared to the other Candida spp., whereas C. dubliniensis caused the lowest mortality. Moreover, only C. albicans and C. krusei exhibited the capacity to produce filaments in vivo [66] . Souza et al. (2018) also studied the pathogenesis of three spp. of C. parapsilosis complex [C. parapsilosis (sensu stricto), C. orthopsilosis, and C. metapsilosis] in vivo using C. elegans. All three spp. were able to kill C. elegans and the infection process involved invasion of the intestine and vulva resulting in organ protrusion [38] . In contrast to the observation by Ortega-Riveros and co-workers (2017), all three spp. of C. parapsilosis complex studied could produce hyphae in C. elegans during infection. All these results indicate that hyphal formation may enhance the pathogenesis of Candida spp. in C. elegans [64] .
Caenorhabditis auris can cause invasive infections and is associated with high mortality [67] . Moreover, C. auris is also very resistant against several conventional antifungal drugs such as fluconazole. Unlike C. albicans, C. auris does not display morphogenetic switching, indicating that this pathogen employs alternative host infection, colonization, and resistance strategies. This aspect was investigated in vivo by Day et al. (2018) using the C. elegans infection model. The study showed that C. auris could kill C. elegans as effectively as C. albicans. Furthermore, the HOG1 gene was shown to be important for C. auris virulence, since the mutant strain significantly extended C. elegans survival after infection compared to the wild type [68] .
Feistel and colleagues also used the reproduction potential of C. elegans to investigate the relative pathogenesis of non-albicans spp. (C. dubliniensis, C. parapsilosis, and C. tropicalis), and found that in immunocompetent nematodes, C. albicans and C. tropicalis were the most virulent, whereas in immunocompromised hosts, C. parapsilosis was the most virulent [49] . C. dubliniensis was the least virulent in both immunocompetent and immunocompromised nematodes. This suggests that, similar to mammalian infection models, fungal virulence in C. elegans does not only depend on the spp. of pathogen, but also on the immune status of the host.
The mechanisms of C. elegans immune activation by C. albicans have also been explored. In response to C. albicans infection, C. elegans invokes a pathogen-specific defence response that constitutes antifungal effectors as well as core immune genes [30] . In this study, microarrays analysis and real-time quantitative PCR of C. albicans-infected 1 3 nematodes were used to identify 313 genes that were shown to be differentially expressed in C. elegans during C. albicans yeast phase infection. Some of the expressed genes encoded proteins such as antimicrobial, secreted, as well as detoxification proteins. Moreover, the above-mentioned proteins overlapped to a small extent with genes induced during P. aeruginosa and S. aureus infection, suggesting a high degree of immune specificity towards C. albicans infection [31] . In addition, the study also identified pattern recognition, a phenomenon where the immune system recognizes pathogen-associated molecular patterns (PAMPs), demonstrating that C. elegans can mount antifungal defences directed towards a specific pathogen.
The studies described above clearly show the amenability of the C. elegans model in the investigation of Candida spp. pathogenesis. The importance of morphological switching from the yeast form to the hyphae form is visually demonstrated as a critical virulence factor of C. albicans and some other Candida spp. using the nematode. The importance of yeast-hyphae transition as a critical virulence factor of C. albicans has also been shown in mice and G. mellonella models [69] . Moreover, the observed expression of genes that are responsible for hyphae formation and filamentation further confirms this observation. The contribution of hyphae and filamentation in the killing of C. elegans by C. albicans is simple and is easily observed in the C. elegans model compared to other models, thus making it a model of choice in studies that involve filamentous pathogenic fungi. Drawbacks of this model include its lack of an adaptive immune system [8] ; thus, it will not provide a complete picture of the immune responses to Candida spp. infection in humans. Moreover, pathogenesis studies are only limited to temperatures ranging between 15 and 25 °C [9] . The G. mellonella model, which allows experimental temperature to be raised to as high as 37 °C, can be utilized in instances where higher temperatures are a necessity.
Cryptococcus spp. infection
The most prevalent pathogens in the genus Cryptococcus belong to the C. neoformans spp. complex (C. neoformans and C. deneoformans), which is a frequent cause of lifethreatening meningoencephalitis in immunocompromised patients [70] . The C. neoformans spp. complex can be isolated from soil, and bird droppings and infection can occur via inhalation of spores, which may lead to mild symptoms or deadly lung and central nervous system infections. Unlike C. neoformans spp. complex infections, infections by C. gattii spp. complex (C. gattii, C. bacillisporus, C. deuterogattii, and C. decagattii) are rare and can occur in immune-competent individuals. Mylonakis and co-workers (2002) showed that C. elegans could use some Cryptococcus spp. such as C. laurentii and C. kuetzingii as a sole food source, producing brood sizes that are comparable to those observed when the nematode is fed with E. coli OP50 [71] . However, the human pathogenic yeast, C. neoformans killed the nematodes. This study also showed that the C. neoformans polysaccharide capsule and genes associated with signal transduction pathways, such as GPA1, PKA1, PKR1, and RAS1 as well as laccase production (LAC1) and the α-mating-type gene are associated C. neoformans virulence.
Moreover, C. neoformans adenine auxotrophs were shown to be less virulent in C. elegans, similar to the observation in mammals [71] . Both C. neoformans and C. gattii utilize capsule production as their main virulence attribute as it protects the microorganisms from phagocytosis and also has immunomodulatory properties. However, the role of the C. neoformans capsule as a virulence factor in C. elegans is not as well studied and understood as it is in the murine models. Although heat-killed capsular C. neoformans strains were able to kill C. elegans much more efficiently than the heat-killed acapsular strains, the killing of C. elegans by acapsular C. neoformans strains showed that the capsule is not necessary for virulence [71] . It can, however, not be ruled out that the acapsular C. neoformans strain may still synthesize certain toxic components of the C. neoformans capsule that contributes to its virulence.
Caenorhabditis elegans has also been used to identify potential virulence-associated genes in C. neoformans. It was found that mutation of KIN1, which encodes a serine/ threonine protein kinase and plays an important role in cryptococcal infections by facilitating escape from recognition by the host [72] , attenuated pathogenesis. Another potential virulence-associated gene, PLB1 (encodes for lysophospholipase hydrolase and lysophospholipase transacylase activities), was also identified [73] . Mutation of PLB1 also decreased survival of C. neoformans in macrophages up to 50%. Tang and co-workers (2005) showed that C. neoformans ROM2 is required for full virulence in C. elegans using a progeny-based approach [74] . C. elegans produced a larger quantity of progeny when exposed to ROM2 mutants than when exposed to the wild-type fungus.
Interestingly, van den Berg and co-workers (2006) demonstrated that C. neoformans killing of C. elegans is sex-dependant [75] . Wild-type C. elegans males showed enhanced resistance to C. neoformans killing compared to their hermaphrodite counterparts. Moreover, this resistance was inducible in hermaphrodite animals by inappropriate activation of the male sex-determination pathway and required the activity of the stress-response transcription factor DAF-16. In addition, during C. neoformans infection, C. elegans has been shown to elicit host defence mechanisms that are mediated by two evolutionarily conserved β-glucanbinding receptors, CED-1 and C03F11.3. Activation of CED-1 and C03F11.3 leads to the induction of antimicrobial peptides, such as abf-1 and abf-2 [40] .
These studies not only showed the contribution of the capsule in the pathogenesis of C. neoformans, similar to observations in the murine model, but the shorter life cycle and larger brood size of C. elegans enabled the determination of the involvement of the ROM2 gene in the pathogenesis of C. neoformans by assessing the brood size. Undertaking this approach would have possibly been much more difficult and time-consuming in other invertebrate models as well as the murine model.
Aspergillus spp. infection
There has been an increase in cases of mycoses caused by Aspergillus spp. A. fumigatus and A. flavus are the most commonly found fungal spp. associated with aspergillosis, which causes necrosis and inflammation of the lung tissue [76, 77] . Other Aspergillus spp. such as A. niger, A. terreus, and A. nidulans also contribute to a lesser extent to the incidence of aspergillosis. Mortality rates due to invasive aspergillosis occurring after haematopoietic stem cell transplants have been reported to be over 90% in some cases [78] . Several virulence factors that are associated with the pathogenesis of A. fumigatus have been characterized. These include production of melanin (pyomelanin and dihydroxynaphthalene melanin), endotoxins with pyrogenic and shock-evoking activity, as well as fumitremorgins and mycotoxins such as gliotoxin and fumagillin [79] . A. fumigatus can also produce a large variety of extracellular proteolytic enzymes, such as elastase that have been directly linked to its pathogenesis [80] .
The C. elegans infection model has also been expanded to filamentous fungi such as A. fumigatus. Okoli and Bignell (2015) have shown that A. fumigatus is lethal to C. elegans, killing approximately 80% of the nematodes in 3 days. The manner and appearance of the dead nematodes were shown to mirror that of C. elegans killing by C. albicans, except for the distally located protruding filaments [81] . This study, therefore, shows the potential application of the C. elegans model to study the pathogenesis of A. fumigatus. However, no studies have yet been conducted to identify the virulence factors involved in this killing assay to further understand the pathogenesis of A. fumigatus. This could be due to the experimental drawbacks experienced during liquid-based infection of C. elegans with A. fumigatus (where A. fumigatus spores germinated rapidly in the nutrient-rich assay medium before ingestion by C. elegans) as well as problems associated with rapid inactivation of nematodes upon fungal exposure on solid agar.
Histoplasma spp. infection
Histoplasma capsulatum is a dimorphic human fungal pathogen that causes histoplasmosis, which is characterized by fungal proliferation within phagosomes of macrophages [82] . This organism can infect both healthy and immunocompromised human hosts. In the healthy host, infection is acute, but may result in invasive pulmonary disease, whereas in the immunocompromised host, infection disseminates throughout many other tissues and may lead to death [83] . Several virulence factors of H. capsulatum have been characterized and were found to be mainly surface expressed molecules that facilitate evasion of host innate immune responses and replication of the yeast [84] . Heat shock protein 60 and heat shock protein 82 were shown to be important for macrophage recognition and response to cellular stress, respectively [85, 86] . Furthermore, the YPS3 gene, that encodes a cell wall protein, has also been shown to be important for virulence [87] . Other virulence determinants of H. capsulatum include calcium-binding protein, melanin, α-glucan, histone 2B, and hydroxamate siderophores [88] [89] [90] .
Caenorhabditis elegans has been used as a host to study the virulence of H. capsulatum. Johnson and co-workers (2009) developed a simple C. elegans model for the innate immune response to H. capsulatum infection. The study showed that H. capsulatum kills more than 90% of infected C. elegans within 48-72 h [91] . Moreover, rapid killing of the nematodes required both viability and virulence of H. capsulatum, thus implying that toxicity was to due to active production of some unidentified lethal metabolites. In addition, the transparent nature of C. elegans was an advantage in determining that a significant number of yeast cells persisted intact within the gut of the nematode and could likely continue to grow and produce proteases that could contribute to its virulence. This would have been challenging to observe in other animal models. However, inability to accurately measure the inoculum size required for full virulence remains a significant drawback for this particular study. The G. mellonella model has been used as an alternative model to study the pathogenesis of H. capsulatum. Like the C. elegans model, viability of H. capsulatum yeast cells was also observed to be critical for virulence in addition to melanization [92] .
Fusarium spp. infection
Infection with Fusarium spp. causes invasive fusariosis. This fungus primarily affects patients with hematologic malignancies and haematopoietic cell transplant patients [93] . The most common etiologic agent among Fusarium spp. is F. solani followed by F. oxysporum, F. moniliforme, and F. verticillioides. Fusariosis typically disseminates and involves pneumonia, metastatic skin lesions, and positive blood cultures in severely immunosuppressed patients. F. solani usually enters the body through inhalation of aerosols of fusarial conidia and its pathogenicity is strain-dependent. However, this organism can enter the body through the skin at sites of tissue breakdown [94] .
Muhammed and co-workers (2012) used C. elegans to investigate the pathogenesis of F. solani, F. oxysporum, and F. proliferatum. The study showed that C. elegans could consume conidia, resulting in 90% killing of the nematodes within 120 h by all the three Fusarium spp. studied [95] . Mycelium production was observed to be a major contributing factor in nematode death and reiterates the importance of mycelia production as a virulence factor in Fusarium pathogenesis, similar to the observations in C. elegans during infection by C. albicans and A. fumigatus. Also, the pmk-1 (a homolog of the mammalian p38 MAPK) and tir-1 (encodes a protein containing a TIR domain that functions upstream of PMK-1) mutant C. elegans strains had reduced survival times than the wild-type strain after infection with F. oxysporum, F. moniliforme, and F. verticillioides. The above further demonstrated the importance of these genes in C. elegans immunity against fungal pathogens.
Paracoccidioides spp. infection
Paracoccidioides spp. are dimorphic fungi that are causative agents of paracoccidioidomycosis (PMC) which is prevalent in South America [96] . The disease is characterized by progressive granulomatous changes in the nose, sinuses, and skin [97] . In addition, PMC can also affect the gastrointestinal track, central nervous system, and skeletal system. The most common spp. capable of causing disease are P. brasiliensis, P. lutzii, P. americana, P. restripiensis, and P. venezuelensis [98] . Characterization of the pathogenesis of Paracoccidioides through in vivo studies has been conducted using several invertebrate animal models including C. elegans. Scorzoni and co-workers (2018) observed that P. brasiliensis and P. lutzii could not be ingested by C. elegans, due to their large size and irregular shape and, therefore, could not cause infection [99] . However, mere exposure to the fungi elicited an immune response in C. elegans, which was evident from the increase in the expression of specific antimicrobial peptide genes. The expression levels of antimicrobial peptide genes were also different between the two Paracoccidioides spp., where cnc-4, nlpl-27, and nlp-31 expression was higher after exposure to P. brasiliensis compared to P. lutzii [99] .
Although studying the pathogenesis of Paracoccidioides spp. using the C. elegans model proved problematic, insights into the differences in the activation of innate immunity between the two spp. were gained. The G. mellonella model is a better suited invertebrate animal model and has been used to study the pathogenesis of P. brasiliensis and P. lutzii [100] .
Talaromyces spp. infection
Infection caused by the opportunistic pathogen Talaromyces (Penicillium) marneffei is known as talaromycosis [101] . T. marneffei infection is prevalent in Southeast Asia, southern China, and eastern India [102], and is normally associated with immune-suppressed individuals such as HIV/AIDS and cancer patients. Pathogenesis of T. marneffei has been studied using C. elegans as a host on both solid and liquid media, and Huang and co-workers (2014) reported that T. marneffei could infect and kill the nematodes faster on solid medium than in liquid medium [103] . In addition, one of the two strains of T. marneffei used in this study, that naturally produces a red pigment as a secondary metabolite, killed the nematodes faster. Hyphal formation was also noted as an integral part of T. marneffei pathogenesis, where hyphae penetrated and destroyed 50% of the infected nematodes' intestine [103] . It was concluded from this study that C. elegans is a suitable animal model for the study of T. marneffei infection, and suggested that hyphae formation and the production of the red pigment might be involved in its pathogenesis.
Advances in the use of C. elegans as a screening tool for novel antifungal drugs
Apart from studies on fungal pathogenesis, other studies have focused on screening of potential antifungal compounds against pathogenic fungi, especially Candida spp., using C. elegans as an infection model [61, [104] [105] [106] [107] [108] . Figure 2 depicts the common experimental procedures for antifungal drug-screening approaches in C. elegans. The two general approaches can be divided into pre-infected and coinoculation assays. During pre-infected assays, nematodes are infected with the pathogen on solid media before being transferred to liquid screening media containing potential antifungal drugs. The co-inoculation assay is an adaptation of this relatively low-throughput assay, in which the nematodes are not pre-infected, but inoculated into liquid screening media with the pathogen and the potential antifungal drugs. These studies showed the usefulness of this model organism to screen large chemical and natural product libraries using increased survival of infected nematodes as a way to identify potential novel antifungal drugs. Many of the identified compounds also influenced expression of antimicrobial genes/proteins [107, 108] . Moreover, attenuation of filamentation of C. albicans in vivo has been used as marker for compounds, such as indole, targeting this important virulence factor [109] . This observation corroborated other findings in the same study, which showed that indole and indole-3-acetonitrile repress biofilm formation and attachment to epithelial HT-29 cells. Similarly, using the C. elegans model revealed that treatment of the nematodes with synthetically produced EntV 66 (bacteriocin naturally produced by Enterococcus faecalis) inferred resistance to killing by C. albicans due to the suppression of hyphal formation by C. albicans [110] .
Many researchers advocate the use of potentiating compounds that act in synergism with known antifungals. This approach has also been tested in C. elegans by Troskie and co-workers (2014) to investigate the synergistic effect of tyrocidines with amphotericin B and caspofungin against C. albicans infection. The study showed that tyrocidine A potentiated the activity of caspofungin and thus highlighted tyrocidines as promising antifungal candidates and as agents for combinatorial therapy [111] . Eldesouky and co-workers (2018) evaluated the in vivo synergistic interactions of sulfa drugs and azoles against C. auris using the C. elegans model. The sulfamethoxazole-voriconazole combination enhanced survival of C. auris-infected C. elegans by approximately 70%. Furthermore, this synergistic interaction was found to be effective against C. auris mutants that demonstrate azole resistance due to overproduction or decreased affinity of the azole target protein Erg11p, but was ineffective against mutants that demonstrate azole resistance via efflux pump hyperactivity [112] .
Another approach to speed up the discovery of new antifungal drugs is repurposing of compounds that are already approved for other uses. In a recent study by Cordeiro et al.
(2018), the direct effect of five antibiotics (cefepime, imipenem, meropenem, amoxicillin, and vancomycin) on growth and virulence of C. albicans, C. parapsilosis, C. krusei, and C. tropicalis were investigated using the C. elegans model. The study showed that amoxicillin heightens the virulence of C. krusei and C. tropicalis against C. elegans and all the antibiotics tested increased growth and proteolytic activity of the Candida spp. investigated [113] .
The C. elegans model has also been used to evaluate microbe-microbe interactions for potential probiotic effect against C. albicans. Peleg and co-workers (2008) used the C. elegans-Acinetobacter baumannii-C. albicans co-infection model to show that A. baumannii inhibits filamentation, a key virulence determinant of C. albicans leading to the attenuated virulence of C. albicans as determined by improved nematode survival during co-infection [114] . In another study involving microbe-microbe interactions, Tampakakis and co-workers (2009) observed that co-infection of C. elegans with Salmonella typhimurium and C. albicans attenuated filamentation in C. elegans [115] . Inhibition of C. albicans filamentation was caused by an unknown secretary compound. In a recent study by de Barros and coworkers (2018), it was shown that prophylactic provision of C. elegans with Lactobacillus paracasei prior to infection with C. albicans increased its survival by 29%. Furthermore, cuticle rupture of the nematodes due to filamentation was Fig. 2 The experimental procedures of the common antifungal drug-screening approach in C. elegans. Nematodes are either pre-infected with a pathogen before antifungal screening or co-inoculated during antifungal screening also reduced by 27% compared to the control group, thus presenting L. paracasei as an alternative control measure against candidiasis [116] .
Summary and concluding remarks
To summarize, the use of C. elegans as an infection model has resulted in advance in understanding many features of fungal pathogenesis in a simple and cost-effective manner. Hyphae growth and filamentation appear to be a common and very important virulence factor of many pathogenic fungi. Moreover, the C. elegans model appears to be much more suitable to investigate this virulence factor. However, several other virulence-related genes of pathogenic fungi have been discovered using the C. elegans model. Important virulence-related genes such as the CAP59 (capsule related, C. neoformans) and PKA1 (cAMP-dependent protein kinase subunit, C. neoformans) have been confirmed in other invertebrate models, whereas other virulence factors such as the LAC1 (related to melanin production, C. neoformans), ADE2 (phosphoribosylaminoimidazole related, C. neoformans), KIN1 (protein kinase related, C. neoformans), and ADA2/CAS3 (hyphal formation related, C. albicans) were exclusively identified using the C. elegans model. As a result, these findings have provided further insights into the virulence mechanisms of important human pathogens, C. neoformans and C. albicans, and these identified genes (and their homologs in mammals) could be further investigated as potential drug targets for the treatment of candidiasis and cryptococcal infections.
Although breakthroughs concerning immune responses toward specific human fungal infections have been made in C. elegans during infection by pathogenic fungi, some major drawbacks limit its application. The major limitations of this model remain the absence of an adaptive immune system, inability to accurately measure the inoculum size, and temperature limitations. Other invertebrate models such as G. mellonella may be more useful in this regard.
Regarding the discovery of novel antifungal compounds, the C. elegans model holds a major advantage to other invertebrate models as well as the murine model as it allows the high-throughput in vivo screening of thousands of potential antifungal compounds in liquid media, an option that is lacking in most of the models. This may help to fast-track the process of antifungal drug discovery, in the face of increased morbidity and mortality, caused by fungal pathogens. However, the downside to these screens is their non-compatibility with water-insoluble potential antifungal compounds.
Although C. elegans is a very attractive model in studying fungal pathogenesis, it is important to note that, to best address the research question, it is imperative that its key features and attributes are utilized and that the model is compatible with the experiment. Finally, due to its limitations, the C. elegans model cannot completely replace mammalian models; thus, it can be recommended as an additional and easy to use model to generate and expand our knowledge on fungal pathogenesis and discovery of novel antifungal compounds.
